Molecular-dynamics simulation of contact and force networks in fragmented sea ice under shear deformation by Herman, Agnieszka
659
III International Conference on Particle-based Methods – Fundamentals and Applications
PARTICLES 2013
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Abstract. Fragmented sea ice can be treated as a strongly polydisperse granular material
consisting of approximately disk-shaped grains (ice floes) with power-law size distribution,
moving on a two-dimensional sea surface under the influence of external forces (wind,
currents, etc.). In this paper, a molecular-dynamics model is used to study the internal
stress and the properties of the force networks in sea ice subject to pure shear strain
(constant ice concentration). The model exhibits a wide range of behaviors analogous
to those observed recently in bidisperse materials, including shear-jammed and fragile
states. At certain combinations of ice concentration and strain, the modeled system
behaves erratically and undergoes rapid shifts between the jammed and unjammed states,
resulting in strong variability in its global characteristics, e.g., the area-average stress and
anisotropy of the force networks.
1 INTRODUCTION
Large areas of polar and subpolar oceans are permanently or seasonally covered with
ice. Contrary to a multi-year ice pack, seasonal ice cover is usually strongly fragmented
and consists of separate floes. However, both ice types are commonly modeled as a
continuum, with various versions of the viscous-plastic rheology. Although this approach
has been successful in reproducing many large-scale properties of sea ice circulation and
dynamics, it has been recognized recently that this ‘standard’ rheology model is not
able to reproduce some of the most crucial aspects of sea ice deformation – its scaling
properties and the associated basin-scale propagation of damage due to long-range elastic
interactions [1, 2]. Moreover, recent studies suggest the existence of two regimes in the
mechanical behavior of sea ice [3, 4, 2], characteristic for the compact central Arctic ice
pack (an elastic plate undergoing brittle deformation and damage), and the marginal ice
zone (granular material composed of individual ice floes). Whereas the first regime has
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been subject of thorough research, very few attempts to directly account for the granular
nature of sea ice have been made, most of them aiming at parameterizing its large-scale
effects for use in the existing continuous models. For example, a collisional-rheology model
was proposed, accounting for the contribution of floe–floe collisions to the internal stress
in sea ice [5, 6, 7]. Feltham [8] investigated the role of that rheology model in sea ice
dynamics in the marginal ice zone (MIZ). Only recently, discrete-element models have
been developed, describing the dynamics of individual ice floes and interactions between
them, and providing deeper understanding of granular effects in sea ice and their influence
on the emergent properties of the ice cover as a whole [9, 10, 11, 12, 13].
In this work, sea ice is modeled as a two-dimensional (2D) granular material composed
of disk-shaped, inelastic grains (ice floes) moving on the sea surface under a prescribed
external forcing. The floes have a power-law size distribution, and interact during colli-
sions by means of tangential (friction) and normal (nonlinear Hertzian model, taking into
account polydispersity) forces. Numerically, the model is based on the LAMMPS (Large-
scale Atomic/Molecular Massively Parallel Simulator) library, and allows for simulating
systems of particles within a model domain subjected to various types of deformation
(convergence, shear etc.). The model, described in [13], is an extension of earlier, simpler
versions based on a hard-disk approximation and an event-driven algorithm [11, 12].
This work investigates the response of sea ice to shear deformation (constant ice concen-
tration A) close to the jamming phase transition, i.e., in conditions relevant, e.g., in MIZ
under shoreward winds, or within narrow passages and straits. The analysis concentrates
on the statistical properties of the contact and force networks and on the resulting internal
stress. Although the model has been designed to represent sea ice, the results presented
here are relevant from two different perspectives. Firstly, they provide insight into little
understood granular effects on the dynamics of shear-strained sea ice. Secondly, recent
experimental studies suggest very rich phenomenology of sheared granular materials close
to the jamming phase transition [14, 15]. The number of analogous numerical studies re-
producing that behavior has been very limited. Except for the very strong polydispersity,
the model used here corresponds in its most important features to the experimental setup
of the above-mentioned studies: it describes disk-shaped grains (ice floes) moving in 2D
on a frictional substrate (sea surface), with frictional forces typically much smaller than
the grain–grain interaction forces. Thus, the results presented here provide additional
insight into the behavior of sheared, polydisperse granular materials in general.
2 MODEL DESCRIPTION
2.1 Model assumptions and equations
The model used for the simulations in this paper has been described in detail in [13];
therefore, here only a brief summary of the underlying assumptions and the governing
equations is given.




hi and a constant density ρ. The general form of the equations for the linear and angular


































where mi = πρhir
2
i is the mass of the floe, ui – velocity of its mass center, ωi – its angular
velocity, t denotes time, f – the Coriolis parameter, k – a unit vector pointing vertically
upward, Si and Vi – the upper/lower surface area and volume of the floe, r – the distance
from the floe’s center, and rij – a vector pointing from the center of floe i to the contact
point with floe j. Finally, Ci(t) denotes the set of floes that are in contact with floe i at a
given time instance. For j ∈ Ci, F̂ij,n and F̂ij,t are the normal and tangential components,
respectively, of the floe–floe interaction force, calculated based on the Hertzian contact
model (see, e.g., [16, 17]). The external (ocean/atmosphere) forcing acting on the floes
is expressed in terms of the density of the surface and body forces, denoted with f̌s,i and
f̌b,i, respectively.
The previous works [11, 12, 13] stressed the importance of the size-dependent response
of individual ice floes to the forcing acting on them, relevant at low and medium ice
concentrations. However, the focus of this paper is on a compact, slowly moving ice
cover at or close to the jammed state. Therefore, the simulations described further were
performed with a simplified set of equations, without the form-drag terms responsible
for the size-dependent response (see [13] for comparison). Furthermore, it is assumed
that both the wind speed and the current speed are zero, and that the Coriolis term can
be omitted within confined regions considered here. The ocean is at rest and linearized


















ρwChwωi + k ·
∑
j∈Ci(t)
rij × F̂ij,t, (4)
where ρw denotes the water density and Chw – the water–ice drag coefficient.
As described in [13], the model is based on the LAMMPS (Large-scale Atomic/Molecular
Massively Parallel Simulator) library [18] (see also http://lammps.sandia.gov/), de-




Table 1: Physical and numerical model parameters used in the simulations
Parameter Symbol Value Units
Ice density ρ 910 kg/m3
Water density ρw 1025 kg/m
3
Water–ice skin-drag coef. Chw 1.0 · 10−3 m/s
Ice thickness h 1.5 m
FSD slope α 1.8 —
Mean floe radius r̄ 4.0 m
Elastic modulus of sea ice E 9.0·109 Pa
Poisson’s ratio ν 0.33 —
Static yield criterion µ 0.7 —
No. of floes N 20000 —
Time step ∆t 0.002 s
the purpose of sea ice modeling, LAMMPS has been extended to disk-shaped particles
moving within two-dimensional domains. For all N floes, the Newton equations of mo-
tion (1),(2) – or, in this particular case, (3),(4) – are solved by means of the velocity-Verlet
integrator.
2.2 Model configuration for shear-deformation simulations
The calculations described in this paper were performed in pure shear conditions, with
the ice concentration A kept constant during any given simulation. The model domain was





Periodic boundary conditions were used along the x-axis. The floes along the lower model
boundary were defined as ‘frozen’, i.e., their velocity was set to zero. The floes along the
upper model boundary had a prescribed velocity ui = [ub, 0]. Thus, the strain rate of
the modeled system was ϵ = ui/Ly. The simulations were performed for a range of
values of ice concentration A ∈ [0.890, 0.908] and strain rate ϵ ∈ [1.5 · 10−4, 7.5 · 10−4] s−1
(corresponding to ub ∈ [0.2, 1.0] m/s), for a sample of N = 20000 floes with radii ri drawn
from a power-law distribution with an exponent α = 1.8 and mean r̄ = 4 m (values
corresponding to those observed in sea ice in the Weddell Sea [19]). A complete list of
the model parameters can be found in Table 1.
3 MODELING RESULTS
As can be expected, the area-averaged internal stress in the modeled system of ice floes
increases with ice concentration. In analogous simulations under pure convergence, the
system undergoes a jamming phase transition when the ice concentration A approaches
a limiting value AJ from below. For the system analyzed here, AJ ∼ 0.918 (wide, power-




is higher than, e.g., 0.83 reported for bidisperse systems [14]). The jamming transition
manifests itself with a rapid increase of pressure, fraction of non-rattler floes (i.e., floes
with at least two contacts) and the mean contact number [13]. As will be illustrated
below, under the shear deformation considered here, the model behavior close to AJ is
more complex, with large-scale system characteristics undergoing erratic, often very rapid
changes, even under constant domain-scale strain rate ϵ.
Figure 1 shows the patterns of floe–floe contact forces in situations corresponding to
three different states of the system. At high ice concentration and/or strong shear strain,
the system develops a dense force network spanning the whole model domain and re-
mains in a jammed state during the whole simulation time (Fig. 1a). At lower A and/or
ϵ, jamming does not occur and, although local regions of higher pressure and the associ-
ated forces may develop (Fig. 1c), the domain-wide internal stress remains at low levels,
typically a few orders of magnitude lower than in the jammed state (Fig. 2c,d). Both in
the jammed and unjammed states, the large-scale system characteristics – including the
mean contact number ηc and the anisotropy of the force network ηa, the pressure p and
shear stress τ , and the principal angle θp (Fig. 2) – remain relatively stable in time, and
the system recovers fast from short ‘rearrangement’ events that sporadically take place.
From the point of view of the dynamics of the system, perhaps the most interesting
behavior is observed in between the two extremes described above. The system under-
goes rapid changes and shifts from unjammed to jammed state and vice versa. Between
those two extremes, the force networks often have a fragile, ‘openwork’ structure, with
relatively large unjammed areas where the stress remains very low, and with forces trans-
mitted via long ‘strands’ of approximately linearly aligned floes. As in the case of fragile
states observed recently [14], those force networks may span the whole model domain in
only one (compressive) direction, giving the material anisotropic strength in response to
deformation. The present results suggest that, even in constant-strain conditions, the
fragile states are short-lived, at least in the range of A and ϵ combinations analyzed here.
Interestingly, force networks obtained in simulations with wind and floe-size-related effects
[13] have many properties analogous to those observed here.
The rapid, erratic changes of the system state are closely related to the very strong
polydispersity of the particles (floes) building that system. With the power-law size
distribution, the largest floes occupy a substantial part of the available surface area (even
with increasing system size N) and it is their locations and relative movement that has a
deciding influence on the system as a whole. Sub-regions of the model domain that at a
given time instance are filled with small floes can change their shape – and thus react to
deformation – more easily than assemblies of large floes. In many respects, assemblies of
very small floes act as a plastic, easily deformable ‘filler’ occupying empty spaces between
very large floes. An analysis of animations illustrating the time evolution of the modeled
system reveal that the rapid jamming and un-jamming events tend to be associated with




4 DISCUSSION AND CONCLUSIONS
Shear strain is the dominant mode of deformation of sea ice in large parts of the Arctic
(e.g., [2]). Even though the simulations described in this paper are highly idealized,
they illustrate some very important features, inherent in strained polydisperse granular
systems and crucial for our understanding of the behavior of a compact, fragmented ice
cover in general and its response to shear deformation in particular. The results are
relevant for fragmented sea ice within confined basins where, due to limited divergence,
the ice concentration remains relatively constant, and – obviously – for situations when
the internal stress in the ice does not exceed the ice strength, as the present 2D model
does not include ridging or breaking of the ice floes. One of the important, practically
relevant directions of research on sea ice has been on its rheology. Models relating the
internal stress σ in the ice in response to strain, σ(ϵ), are a fundamental part of all
large-scale numerical models of sea ice formulated within the continuum framework. The
results of discrete-element models, as those presented here, help to reveal the complex
nature of that relationship, especially in situations when the granular effects become
important. As shown in Figs. 3 and 4, even in idealized simulations with constant A and
ϵ, the area-average internal pressure varies substantially, in some cases by a few orders
of magnitude. At high A, when the system remains jammed or close to jamming, the
probability density functions (pdfs) of p have a clear peak, but are strongly skewed, with
long tails towards lower values of pressure. The asymmetry of the pdfs decreases with
decreasing A. An important conclusion is that, even in ‘stationary’ conditions considered
here, the instantaneous pressure or shear stress cannot be expressed as a function of A
and ϵ. This is especially true in unjammed states, characterized by ηc < 3 (Fig. 4). These
results are in agreement with field observations that reveal intermittent character of the
internal stress in sea ice (both in terms of its amplitude and direction), unrelated to the
variability of the external forcing [20, 21].
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Figure 1: Snapshots of fragments of the model domain, showing the pattern of instantaneous forces
between ice floes during simulations with: A = 0.908 and ub = 1.0 m/s (a); A = 0.905 and ub =
0.5 m/s (b); A = 0.905 and ub = 0.2 m/s (c). For each floe i, a line is drawn from its center to the center











































Figure 2: Time series of the average contact number ηc (a), force-network anisotropy ηa (b), pressure
p (c), shear stress τ (d), and the principal angle θp (e) during simulations with: A = 0.908 and ub =


























Figure 3: Probability distribution functions of the internal pressure p in sea ice subject to a constant
strain rate ϵ (determined by ub = 1.0 m/s). Results of four simulations with different ice concentration
A. Note that the x-axis is logarithmic.

















Figure 4: Relationship between ηc and p for four model runs with ub = 1.0 m/s and different ice
concentration A.
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